Enterotoxigenic strains of Bacteroides fragilis produce an extracellular metalloprotease toxin (termed fragilysin) which is cytopathic to intestinal epithelial cells and induces fluid secretion and tissue damage in ligated intestinal loops. We report here that the fragilysin gene is contained within a small genetic element termed the fragilysin pathogenicity islet. The pathogenicity islet of B. fragilis VPI 13784 was defined as 6,033 bp in length and contained nearly perfect 12-bp direct repeats near its ends. Sequencing across the ends of the pathogenicity islet from two additional enterotoxigenic strains, along with PCR analysis of 20 additional enterotoxigenic strains, revealed that the islet is inserted at a specific site on the B. fragilis chromosome. The site of integration in three nontoxigenic strains contained a 17-bp GC-rich sequence which was not present in toxigenic strains and may represent a target sequence for chromosomal integration. In addition to the fragilysin gene, we identified an open reading frame encoding a predicted protein with a size and structural features similar to those of fragilysin. The deduced amino acid sequence was 28.5% identical and 56.3% similar to fragilysin and contained a nearly identical zinc-binding motif and methionine-turn region.
Bacteroides fragilis inhabits the colons of humans and animals and in humans comprises about 1% of the normal gut flora (23) . Although abundant, at approximately 10 9 organisms/g of human feces, it is less prevalent than a number of other anaerobes in the intestine, some of which are present at more than 10 10 organisms/g of feces. B. fragilis is, however, by far the anaerobe most commonly isolated from clinical specimens and has been associated with a number of diseases, including soft tissue infections, abscesses, and bacteremias (14, 36) . Its prevalence in infections caused by anaerobic organisms has been attributed in large part to its complex carbohydrate capsule, which has been shown to cause abscesses in the absence of the organism itself (43) . An outer membrane protein involved in heme uptake has also been implicated in virulence (33) . Little else, however, is known about factors contributing to B. fragilis infections.
In 1984 Myers et al. implicated strains of B. fragilis as a cause of diarrhea in newborn lambs (24) . They showed that the supernatant of these strains caused a fluid response in lamb ligated intestinal loops, suggesting the presence of an enterotoxin. These strains, termed enterotoxigenic B. fragilis strains, were also found to cause intestinal disease in calves, piglets, foals, and rabbits (4, 5, 7, 25, 26, (28) (29) (30) . More recently, enterotoxigenic B. fragilis has been implicated in human diarrheal disease (27, 34, 36, 38, 41) . In 1992, Weikel et al. showed that supernatants of enterotoxigenic B. fragilis caused rapid morphological changes in human colon carcinoma cell lines, particularly HT-29 cells (45; see also references 6 and 39). Our laboratory used the cytopathic effect to assay for toxin activity and purified a single 20-kDa polypeptide which induced rounding of HT-29 cells and caused fluid secretion in intestinal-loop assays (44) . We subsequently cloned a portion of the enterotoxin gene using single-specific-primer PCR with a degenerate primer based on the N-terminal sequence of the secreted enterotoxin (22) . Sequencing revealed the toxin contained a zincbinding motif (HEXXHXXGXXH) characteristic of metalloproteases from the metzincin family (3, 42) . Biochemical analysis confirmed that the enterotoxin was indeed a zinc metalloprotease. Furthermore, specific inhibitors of metalloproteases inhibited cytotoxicity and prevented fluid secretion and tissue damage caused by the toxin in vivo, suggesting that its toxic properties are due to the protease activity (32) . We also showed that the toxin (now termed fragilysin) disrupts the paracellular barrier of cultured epithelial cell monolayers (31) . Monolayers treated with fragilysin showed a time-and dosedependent loss of the tight-junction protein ZO-1 and a concomitant decrease in electrical resistance. Furthermore, the effect appeared to be dependent on proteolytic activity outside the cell, as inhibitors of cell-mediated endocytosis did not prevent the toxin's effect. Together, these data suggest that the enterotoxic activity of fragilysin is due to disruption of the paracellular barrier of the intestinal epithelium, possibly by proteolytic degradation of the tight-junction proteins.
We recently reported cloning and sequencing of the fragilysin toxin gene from a cosmid library of enterotoxigenic B. fragilis strain VPI 13784 (18) . The toxin gene encodes a preprotoxin of 44 kDa. The preprotoxin contains a potential Nterminal signal peptide characteristic of bacterial lipoproteins and a 22-kDa prosequence (46) . The protoxin is cleaved at an Arg-Ala site to release the 20-kDa extracellular metalloprotease.
In recent years it has emerged that virulence genes of pathogenic bacteria are often clustered within definable genetic el-ements termed pathogenicity islands (8, (10) (11) (12) 19) . We were, therefore, interested in whether the fragilysin gene is associated with other virulence genes in a pathogenicity island.
Definition of the pathogenicity islet and analysis of the site of integration. In order to determine if the fragilysin gene of enterotoxigenic B. fragilis strain VPI 13784 was contained on a pathogenicity island, we began sequencing DNA flanking the gene in cosmid clone 2c1, which we isolated in our previous study (18) . To determine if we were still using DNA found only in enterotoxigenic strains, we periodically performed PCRs on the nontoxigenic B. fragilis strain VPI 2553 with primers facing inward with respect to the fragilysin gene. Eventually, with primers LO1 (5Ј CCACCGTGCCAATGTCAGATA) and RO1 (5Ј CTGAAGAACGAGGCGGTATC) we observed a PCR product of approximately 350 bp, suggesting we had sequenced past the ends of an element. From this analysis we were able to predict that the fragilysin gene was contained in an element of approximately 6 kb, which we termed the fragilysin pathogenicity islet (Fig. 1) .
In order to define the ends of the pathogenicity islet, we sequenced the PCR product generated from nontoxigenic strain VPI 2553. The precise ends were then determined by comparison of the sequence from the nontoxigenic strain with the sequence from enterotoxigenic strain VPI 13784 near the predicted ends of the element (Fig. 2) . Alignment of the sequences revealed the presence of a 17-bp sequence from the nontoxigenic strain that did not match any portion of the DNA sequence from the toxigenic strain. The sequences flanking the 17-bp sequence, however, aligned nearly perfectly with DNA flanking the element, allowing precise definition of the ends of the pathogenicity islet. Based on this alignment, we defined the pathogenicity islet of VPI 13784 as 6,033 bp in length. The islet contained nearly perfect direct repeats of 12 bp close to its ends.
In order to compare the pathogenicity islet ends and site of insertion in other strains, we sequenced PCR products across the islet ends of two additional enterotoxigenic B. fragilis strains, 86-5443-2-2 and VPI 4932. Primer pairs LO1-LI1 (5Ј GGCCAAGGATGGTGTTC) and RI1 (5Ј ATACTTATCCC ATTTGTCC)-RO1 were used to generate DNA for the sequencing reactions. The sequence of each strain across these regions was identical to the sequence of VPI 13784.
To further determine if the fragilysin pathogenicity islet is integrated at the same position on the chromosome, we screened 20 additional enterotoxigenic strains with primer pairs LO1-LI2 (5Ј GCACTTGGGATTCCGGTA) and RI1-RO1, flanking the left and right ends of the islet, respectively. The expected lengths for the PCR products were 1,485 bp for the left-end reaction and 1,229 bp for the right-end reaction. PCRs with all 20 strains produced identical products of the predicted length for each primer pair tested. To determine if the site of integration in other nontoxigenic strains was similar to that in VPI 2553, we sequenced PCR products of the same region of the chromosome from two additional B. fragilis strains, VPI 3156 and VPI 6815. Primers LO1 and RO1 were used to generate DNA for sequencing. The sequence of each nontoxigenic strain was identical to the sequence of the PCR product from VPI 2553.
Sequence of a putative second metalloprotease (MP II) and comparison to fragilysin. An open reading frame (ORF) of 1,188 bp encoding a predicted protein of 396 amino acids was located 1,676 bp upstream of the fragilysin gene (Fig. 3) . The predicted protein had a calculated molecular weight of 44,396 and a pI of 5.26, compared to a calculated molecular weight of 44,402 and pI of 5.08 for fragilysin. Furthermore, the deduced amino acid sequence contained a zinc-binding motif and methionine-turn characteristic of the metzincins (3). The N terminus contained an 18-amino-acid hydrophobic sequence similar to signal peptides found in bacterial lipoproteins, a feature also observed for fragilysin (9, 18, 46 ). An Arg-Ala site was located near the middle of the predicted protein, in a position similar to the processing site of fragilysin. If processed at this site the released product would be a 183-residue protein (M r , 20,446) with a pI of 5.49; by comparison, extracellular fragilysin is a 186-residue protein (M r , 20,680) with a pI of 4.71.
A search of the protein data banks revealed that the predicted amino acid sequence of the MP II ORF contained significant homology to a number of metalloproteases, including mammalian matrixins, snake venom proteases, and fragilysin. Alignment of the amino acid sequences of MP II and fragilysin revealed 28.5% identity and 56.3% similarity, when conserved substitutions are considered. Of note, one of the nonconserved residues was at the position immediately following the third histidine of the zinc-binding motif. In fragilysin there is a threonine at this position, while MP II contains a valine. This residue has been used to group other metzincins into families (42) .
Primers from divergent regions of the putative MP II and fragilysin genes were used to screen the 23 enterotoxigenic B. fragilis strains used in this study. The expected PCR products were 548 bp for the ORF of MP II with primer pair M1 (5Ј GAGGGCTCTGAACTATGGACAAC)-M2 (5Ј AAAGAAG TGGTGACAGCCTGAA) and 859 bp for the fragilysin gene with primer pair F1 (5Ј TGGGAGATGAGTTCGCAGTATT A-F2 (5Ј CCAACCGAGATTTTTAGCGATTAT). All 23 strains contained the MP II and fragilysin genes by this criterion. Several nontoxigenic strains were tested and showed no reaction product with either set of primers.
ORF1, located near the 5Ј end of the fragilysin gene, encoded a predicted protein with homology to a snake cytotoxin and was reported in our previous study (18) . Apart from this ORF, the MP II ORF, and the fragilysin gene, no other ORFs of over 200 nucleotides were present in the pathogenicity islet. The noncoding regions of the pathogenicity islet contained limited homology to the long genome of the Saccharomyces cerevisiae mitochondria within a region of clustered tRNA genes (47) . The homology, however, was in noncoding regions, and homology to structural tRNA genes was not found. The islet of VPI 13784 had a GC content of 35%, compared with 53 and 47% for the 400 bp flanking the left and right ends of the islet, respectively, and an estimated 43% for the genome of B. fragilis (15) . The regions flanking the islet did not reveal significant homology to any entries in the databases.
Pathogenicity islands contain a number of distinguishing features which have been outlined in recent reviews (8, (10) (11) (12) 19) . In the case of smaller elements, containing only one or a few genes, they have been referred to as pathogenicity islets (11) . The pathogenicity islet of enterotoxigenic B. fragilis has a number of features common to pathogenicity islands from other gram-negative pathogens. It represents a distinct genetic unit which contains the fragilysin toxin gene and the gene for a second potential virulence-associated metalloprotease. It has a lower GC content than the rest of the chromosome. Furthermore, it is flanked by direct repeats, although the repeats are not located at the exact ends of the element and may not be functionally or evolutionarily equivalent to those found in other pathogenicity islands. Finally, it is located at a specific position on the B. fragilis chromosome. The fragilysin pathogenicity islet, therefore, joins a growing list of defined virulence-associated genetic elements which pathogenic bacteria have acquired by horizontal gene transfer during microbial evolution.
Our sequence analysis of the chromosome at the site of integration in nontoxigenic strains revealed the presence of a GC-rich 17-bp segment which was not present in enterotoxigenic strains. The 17-bp sequence may be a target site for the integration of the fragilysin pathogenicity islet. Nontoxigenic strains of Clostridium difficile contain a 127-bp sequence which is not found in toxigenic strains (13) . The sequence has been proposed as a target for integration of the C. difficile toxigenic element, which contains the genes for toxins A and B, as well as the txeR gene, which regulates production of the toxins (13, 21) .
While we may think of the element containing the fragilysin gene in terms of pathogenicity, there may be another aspect to consider. The human gut flora is composed of more than 400 species of bacteria, making it an exceedingly complex environment. Accordingly, there is intense competition for nutrients. Microorganisms which survive in the gut, therefore, must have effective means of obtaining nutrients that are in short supply. In this regard, the acquisition of metalloprotease genes may provide a nutritional advantage to enterotoxigenic strains of B. fragilis, due to increased access to essential peptides or amino acids. Thus, the pathogenicity islet could also be thought of as a nutritional islet, the presence of which coincidentally confers on B. fragilis the ability to disrupt the paracellular barrier and cause diarrhea.
Enterotoxigenic B. fragilis has been isolated from both healthy and symptomatic individuals and appears to be common and widespread (2, 16, 17, 20, 27, 34, 35, 37, 38) . While there is evidence that it causes diarrhea in children aged 1 to 5, its role as a causative agent of diarrhea in adults remains unclear. With regard to nonintestinal disease caused by B. fragilis, Kato et al. showed an increased association of enterotoxigenic B. fragilis with extraintestinal infections, including bacteremias (16, 17) . More recently, Aucher et al. described a case of neonatal meningitis caused by enterotoxigenic B. fragilis (2) . Of note, the convalescent-phase sera of the patient reacted strongly with a ca. 45 (18) . The authors proposed the existence of two alleles, bft-1 (VPI 13784) and bft-2 (86-5443-2-2), based on hybridization of enterotoxigenic strains of B. fragilis with oligonucleotide probes from a divergent region of the two toxin genes. Of 139 enterotoxigenic strains screened, 49% hybridized with the bft-1 probe and 51% hybridized with the bft-2 probe. None of the strains hybridized with both probes. We should emphasize that the sequence of the putative second metalloprotease, identified in this study, is only 28.5% identical to fragilysin. Therefore, the 86-5443-2-2 toxin described by Franco et al. is clearly a variant of fragilysin and not the second metalloprotease.
The presence of the putative second metalloprotease gene in the pathogenicity islet raises a number of intriguing questions. Does enterotoxigenic B. fragilis express a second metalloprotease similar to fragilysin? If so, does the second metalloprotease have toxic properties similar to fragilysin? Do the two metalloproteases act synergistically in vivo? Our future research will focus on answering these questions.
Cosmid clone 2c1 used for sequencing was isolated by the alkaline lysis method followed by CsCl gradient purification (40) . All other sequence data were determined by direct sequencing of PCR products. Sequencing was performed by fluorescent automated DNA sequence analysis at Commonwealth Biotechnologies, Richmond, Va., and the University of Iowa DNA facility, Iowa City. All nucleotide and protein sequence data were compiled and analyzed with the software package Lasergene (DNAStar, Inc., Madison, Wis.). Additional analysis of sequence data was performed with a basic local alignment search tool (1) .
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